Abstract: Two N 2 -functionalized guanosines by diphenylaminobiphenyl and di(2-pyridyl)aminobiphenyl have been found to act as the effective probes for G-C interactions in organic media. Because of the highly emissive nature of the N 2 -functionalized guanosines in the visible region, the GC base pair formation event accompanied by distinct fluorescence quenching can be readily monitored by fluorescence spectroscopy. NMR and fluorescence results confirm that the N 2 -arylguanosines form H-bonded pairs with cytidine, selectively. An unusual exchange pathway between non-bound cytidine and bound cytidine, in the GC pair, has been identified and extensively studied by NMR methods.
Introduction
Among the nucleobases, guanine displays the most versatile H-bonding patterns, including Hoogsteen or Watson-Crick interactions, or combination thereof, and is thus a valuable building block in supramolecular chemistry. 1 In addition, the hydrogen-bonding motifs of guanine, such as G-quartets, are also known to have important and unique biological functions. 2 Hence, developing new functionalized guanosines to facilitate the study of various H-bonding patterns and self-assembled structures involving guanine has been a very active research area. We have shown recently that the attachment of an aryl group, such as a non-emissive n-butylphenyl group, at the N 2 site of the guanosine does not disrupt the formation of G-quartet and G-octamer via H-bonds in the presence of alkaline or alkaline-earth metal ions. 3 Building on this knowledge, we have reported recently a class of new luminescent hydrophilic N 2 -arylguanosines including G1 and G2 shown in Chart 1. 4 Because of the highly emissive nature of the N 2 -functionalized guanosines and their strong absorptions in the visible spectra, we have shown that they can be used effectively in studying interactions of guanosines with metal ions such as Zn(II) via a combination of fluorescence, CD, and NMR spectroscopic methods. 4 In addition, the complementary base for guanine in Watson-Crick interactions is cytosine; hence, various functionalized guanosines or cytidines have been used previously to study the formation of the GC base pair and the charge-transfer phenomenon via the GC pair between fluorescent donor and acceptor. 5 To our best knowledge, however, there have been no reports on GC base pairs involving fluorescent N 2 -functionalized guanosines. 6 To examine the impact of N 2 -functionalization of guanosine on GC pair formation, we investigated the interactions of the native cytidine with G1 and G2 by both NMR and fluorescent spectroscopic methods. However, because G1 and G2 have poor solubilities in organic solvents and are sparingly soluble in water or the mixture of water and alcohols, which also compete for H bonds with guanosine and cytidine leading to complex H-bond patterns, no meaningful data could be obtained. To overcome this problem, we converted G1 and G2 to lipophilic guanosines by protecting OH moieties with acetyl groups, which greatly improved their solubility. The resulting G1A and G2A guanosines display selective H-bonding with cytidine in solvents such as CH 2 Cl 2 that can be monitored by both NMR and fluorescent spectra. The key results are reported herein.
Experimental section
All reagents were purchased from Aldrich Chemical Co. and used without further purification unless stated otherwise. Acetic anhydride, triethylamine, and acetonitrile were freshly distilled under N 2 prior to acetylation reactions. Low-resolution and high-resolution mass spectrometry experiments were performed using the electrospray ionization mode on QSTAR XL MS/MS Systems using Analyst QS Method. Excitation and emission spectra were recorded on a Photon Technologies International QuantaMaster Model C-60 spectrometer. Molecular orbital and molecular geometry calculations were performed using Gaussian 03 program suite. Calculations were carried out at the B3LYP level of theory using 6-31G** as the basis set for all atoms.
Fluorescence experiments
Excitation and emission spectra were recorded on a Photon Technologies International QuantaMaster Model C-60 spectrometer. To the prepared solutions of G1A (2.5 Â 10 -5 mol/L) and G2A (2.5 Â 10 -5 mol/L) in CH 2 Cl 2 , the solution of 4-C (6.0 Â 10 -3 mol/L) was added in 5 mL aliquots.
NMR experiments
All 1D and 2D NMR experiments were recorded on Bruker Avance 400 MHz or 600 MHz spectrometer at 298 K, unless otherwise specified. 1 H NMR titrations were performed using the solutions of G1A (6.8 Â 10 -4 mol/L) or G2A (1.6 Â 10 -2 mol/L) in CD 2 Cl 2 with the solution of 4-C in CD 2 Cl 2 being added in 10 mL aliquots. DOSY NMR experiments were carried out with Bruker Avance-600 MHz spectrometer using the pulse sequence of longitudinal eddy current delay (LED) with bipolar-gradient pulses. The diffusion period was varied from 50 to 90 ms. Calibration of the field gradient strength was achieved by measuring the value of translational diffusion coefficient (D t ) for the residual 1 H signal in D 2 O, D t = 1.91 Â 10 -9 m 2 /s. All NOESY spectra at 298 K were acquired using a mixing time of 0.3 or 0.4 s and the 10 s recycling delay. Phase-sensitive NOESY experiment at 195 K was performed using a mixing time of 0.1 s and a 2 s recycling delay. Phase-sensitive ROESY NMR spectra were recorded on 400 MHz spectrometer at 195 K using a variable mixing times of 0.08, 0.1, and 0.3 s and the 3 s relaxation delay.
Synthesis of 2',3',5'-O-triacetyl-N 2 -(p-4,4'-biphenyldiphenylamino)guanosine (G1A)
To a suspension of N 2 -(p-4,4'-biphenyldiphenylamino)-guanosine, G1, (0.34 g, 0.57 mmol) and dimethylaminopyridine (0.005 g, 0.04 mmol) in dry acetonitrile (10 mL), freshly distilled triethylamine (0.30 mL, 2.21 mmol) was added. After stirring for 5 min, freshly distilled acetic anhydride (0.19 mL, 2.00 mmol) was added dropwise over 5 min, and the mixture was stirred for 2 h at room temperature. The reaction mixture was quenched with methanol (5 mL), and the organic solvents were removed to dryness. The residue was treated using the chromatographic column on CH 2 Cl 2 and CH 2 Cl 2 /MeOH (95:5, v/v) as the eluents to give G1A as the white solid. Yield: 0.17 g (43%). Mp > 300 8C. UV absorption l max (CH 2 Cl 2 ), nm (3 dm 3 mol -1 cm -1 ): 236 (24 040) and 343 (36 272 
Results and discussion

NMR measurements
GC base pair formation
The structure of the cytidine (4-C) used in the study and the GC base pair with labels are shown in Chart 2. 1 H NMR spectra indicated that in the absence of 4-C, G1A and G2A exist predominantly as monomers in CD 2 Cl 2 at 298 K. The addition of 4-C to the solution of G1A or G2A in CD 2 Cl 2 results in upfield shifts of the imino and amino resonances of the guanine and cytosine units, indicative of H-bonding. As shown in Fig. 1 , upon [G1A]: [4-C] base pair formation, a slight change was observed for the phenyl protons (H o ) directly attached to the N 2 -site of guanine, while the H 8 signal of the guanine ring remains virtually unchanged. The most significant change is observed for the H 6 and H 5 resonances of 4-C, which shift~0.1-0.3 ppm upfield. Upon cooling to 228 K, the [G1A]: [4-C] dimer can be clearly identified through the sharp peaks at~13.1, 12.2, and 10.7 ppm that can be assigned to the N 1 H (G1A), N 4 H (4-C), and N 2 H (G1A), respectively, as presented in Fig. 2 . At 228 K, the NOE cross peaks are of the same phase as the diagonal peaks. The key NOE cross peaks between the N 1 H (G1A) with N 4 H (4-C) in the GC base pair were observed in the NOESY NMR spectrum, confirming the GC pair formation. The GC pair formation was further supported by ESI-MS data, with a peak at m/z 1140 identified as [G1A:4-C + H] + (see Fig. S1 in the Supplementary data). Similar NMR and ESI-MS data were also obtained for the [G2A]: [4-C] base pair (see Figs. S2-S4 in the Supplementary data). The relative ribose stereogeometry of the GC base pair was assigned by NOESY NMR and was found to be syn for both N 2 -arylguanosines, owing to the strong NOE cross peak between its H 1 and H 8 , and anti for 4-C, judging from the strong NOE between its H 2 and H 6 protons. 7 An association constant could not be determined by NMR dilution method because of the strong GC association. As a control study, we also examined the interaction of 2',3',5'-O,N 2 -tetraacetyl-N 2 -(p-4,4'-biphenyldipyridylamino)guanosine (G2B) with 4-C, where the H-donor site of the N 2 group is blocked by an acetyl group. Not surprisingly, G2B did not form a GC dimer as confirmed by NMR (see Fig. S5 in the Supplementary data for NMR). Thus, the NMR data established unequivocally that the N 2 -functionalization by an aryl group does not impede the ability of the guanosine to form a Hbonded base pair with cytidine.
Dynamic exchange of non-bound and bound 4-C in the GC pair
Although the GC base pair formation has been extensively investigated, little is known about the interaction and the exchange mechanism of a GC pair with non-bound G or C. A previous NMR study on the interaction of a GC pair with free guanosine has identified a GCG trimer. 8 However, the exact nature of the interactions between the GC pair and free cytidine remains unclear. The GC pair formed by G1A and G2A with 4-C provided us an opportunity to study such interactions by NMR methods. As shown in Fig. 3 , the addition of more than 1 equiv. of 4-C to the solution of G1A results in the sharpening of the N 1 H and N 2 H (G1A) resonances along with a slight downfield shift. Surprisingly, the N 4 H (4-C) proton is shifted upfield (~3 ppm) and broadened, indicating a dynamic process. [4-C] 2 shows that the diffusion coefficients D t of these two species are similar (see Fig. S7 in the Supplementary data), thus supporting that the stable GCC trimer species is unlikely, but it may be involved in a dynamic process.
Variable temperature NMR experiments were performed for [G1A]: [4-C] 4 to further probe the chemical-exchange process. As shown in Fig. 4 , at temperatures below 208 K, one type of G1A and two types of 4-C peaks (denoted as 4-C and 4-C*) were observed. The sharp peaks between 10.5 and 13.4 ppm are assigned to N 2 H (G1A), N 1 H (G1A), and N 4 H (4-C) of the GC pair. The broad resonance at 10.2 ppm can be assigned to a N 4 H* of the non-bound 4-C*. Since the N 4 H* proton remains broad and below 12 ppm, we can conclude that it does not belong to the typical [4-C] splitting of all non-exchangeable protons into 4-C and 4-C* as well.
To gain structural information about the dynamics of this system and to establish the connectivity between the GC pair and the non-bound 4-C*, COSY, NOESY, and ROESY NMR experiments were performed on the mixture of It is also worth noting that the NOE cross peaks observed between N 1 H (G2A), N 4 H (4-C), and N 4 H* (4-C*) with N 4 Ac (4-C) and N 4 Ac* (4-C*) indicate that these protons are in close proximity to each other (see Fig. S8 in the Supplementary data). In the presence of excessive cytidine, all the cross peaks in the NOESY spectrum are of the same phase as the diagonal peaks.
To confirm NOE correlations and to distinguish them from chemical-exchange cross peaks, a 2D ROESY NMR spectrum was recorded at 195 K (Fig. 6) , which reveals clear NOE cross peaks between the bound 4-C and nonbound 4-C* (e.g., N 4 H (4-C)/N 4 Ac* (4-C*) and N 4 H* (4-C*)/N 4 Ac (4-C) ). In addition, the ribose protons associated with 4-C in the [G2A]: [4-C] base pair are found to be in close proximity to H 6 * (4-C*) proton and vice versa. Furthermore, the H 6 proton (4-C) exhibits a NOE cross peak with the H 5 * (4-C*) proton. In addition, the chemical-exchange interaction was observed between the proton pairs of H 6 (4-C)/ H 6 * (4-C*) and H 5 (4-C)/H 5 * (4-C*). The key protons that are involved in GC base pair formation all undergo chemical exchange with each other, which makes the complete assignment of the final structure difficult. However, on the basis of the relative chemical shifts of non-exchangeable protons and the specific NOE interactions shown in Fig. 6 , it can be concluded that there are two types of cytidines, Using the variable temperature NMR data, the exchange rate k c and the activation free energy DG { for the exchange process were estimated to be 88 s -1 and 43 kJ mol -1 , respectively, at 208 K.
Fluorescence measurement
In contrast to the non-functionalized guanosines, which are weakly emissive in the UV region, G1A and G2A are highly emissive in the visible region, thus making it possible to monitor the G-C interactions by fluorescence spectroscopy as well. As shown in Fig. 7 , the addition of 4-C to the solution of G1A or G2A in CH 2 Cl 2 results in quenching of the fluorescence emission of the N 2 -arylguanosines. The Stern-Volmer plots support the formation of a stable 1:1 species with 4-C (Fig. 6, inset) , which is most likely responsible for the quenching of the guanosine emission. The binding constants for the GC pairs were determined to be 5 Â 10 5 M -1 and 2 Â 10 6 M -1 for G1A and G2A, respectively (see Fig. S9 in the Supplementary data). 9 These binding constants are in agreement with those reported in the literature for other GC pairs. 10 As a control study, the fluorescence titration of G2B with 4-C was also carried out (see Fig. S10 in the Supplementary data), which, not surprisingly, does not show any fluorescent quenching, thus further supporting the role of selective Hbonding between G2A and 4-C in the fluorescence quenching. The selectivity of the fluorescence response of G1A and G2A toward cytidine was further confirmed by the competition experiments of 2',3',5'-O-triacetyladenosine (A) and 3',5'-O-diacetylthymidine (T) with 4-C for binding with G1A and G2A. As shown in Fig. 8 , both A and T have no impact at all on the fluorescent spectrum of G1A. Similar results were also obtained for G2A (see Fig. S11 in the Supplementary data).
Molecular orbital calculations
Our previous TD-DFT calculations have established that the lowest electronic transitions and the fluorescence of G1A and G2A are p-p* transitions centered on guanine and the biphenyl-NAr 2 group. 4 To understand the origin of the fluorescence quenching upon GC pair formation, DFT calculations were performed for the [G1A]: [4-C] pair. The ground-state structure of the [G1A]: [4-C] pair was fully optimized at a B3-LYP/6-31G** level of theory and is presented in Fig. 9 along with the diagrams of the HOMO and LUMO levels. 11 The HOMO level of [G1A]: [4-C] consists of p orbitals of the biphenyl-NPh 2 group while the LUMO level is made of entirely the p* orbitals of the cytosine ring. Hence, in contrast to G1A, where the lowest electronic transition is from a p-p* transition localized on the same part of the molecule, the lowest electronic transition of [G1A]: [4-C] is a charge transfer from the N 2 substituent to the cytosine ring. The low lying LUMO of the cytosine in the GC pair is therefore clearly responsible for quenching the emission of G1A. The guanine ring has no contributions to either the HOMO or the LUMO level of the GC pair, and probably acts as a bridge to facilitate H-bonds and electronic transitions between the N 2 substituent and the cytosine ring. Many examples of fluorescence quenching via intramolecular charge transfer in donor-acceptor types of GC base pair facilitated by H-bonding are known in the literature. 12 Our compounds are however the first example showing chargetransfer fluorescence quenching via the GC pair involving N 2 -functionalized guanosines.
In summary, the aryl group at the N 2 site of guanosines G1A and G2A does not impede the selective formation of the H-bonding pair with cytidine. In fact, it facilitates the study of the G-C interactions via fluorescence spectroscopy owing to its highly fluorescent nature and the high sensitivity of the fluorescence spectrum toward G-C pair formation. An unusual exchange pathway between bound and free cytidine molecules and a potential p-stacked intermediate have been identified by NMR data.
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